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Abstract

We propose to exploit a self-focusing effect in the atmosphere to assist delivering power-
ful laser beam s from orbit to th e ground. We demonstrate through numerical m odelling
that if the self-focusing length is comparable with the atmosphere height the self-focusing
can reduce the spot size on the ground well ~ below the diffraction lim ited one without
beam quality degradation. The us e of light self -focusing in the atm osphere can greatly
relax the requirements for the orbital optics and ground receivers.

The abundance of solar energy outside the Eart h makes attractive the electricity produc-
tion in space. Harness ing and accu mulation of the solar energy at the orbit station s for
further wire less power transpo rtation to the Earth is one of the global concepts of
renewable energy sources [1,2]. The accumulated solar power can be used to produce
focussed electrom agnetic beamss of either m icrowave waves or laser radiation. Despite
many attractive features and the first scientific developments, [1-3] this technology is far
from being practical with many technical and conceptual issues yet to be resolved b efore
it becomes a real com petitor to the existing power technol ogies. Initial proposals have
been based on the energy transportation by m icrowaves. However, recent progress in la-
ser science has stim ulated research into the feasibility of using laser-based orbit systems
in which laser radiation is utilized for transp ort of converted solar energy to the ground.
The use of lasers instead of microwaves would allow greatly reduced transmitter and re-
ceiver sizes. In this Letter we focus on the one of the key problems of reducing the size of
the transmission and receiving facilities. I ndeed, even for a diffraction lim ited beam, a
large precise focusing optics in the space and large receiving facility on the ground would
be required. W e propose a general approach that reduces these si ze requirements by ex-
ploiting a self-focusing effect to deliver powerful laser beams to the ground. The idea to
use self-focused beam s for energy transpor tation was suggested just after discovery
steady state channels where self-focusing co mpensated diffraction [4]. Soon after it was
shown that steady state propagation is always unstable [5]. For beam s with power over a
threshold critical power, filam entation, collapse and uncontr olled ionization result in
beams break. However, the situation can be di fferent for propagation from orbit through



the inhom ogeneous Earth’s atm osphere. W e de monstrate that when the self-focusing
length is comparable with the atm osphere height, the catastrophic self-focusing can be
greatly suppressed and a s mooth compression of the whole beam is possible. Num erical
modelling demonstrates that the con trolled beam compression is well below the diffrac-
tion limited spot size pe rmitting size reductions in receiv ers on the grou nd and focusing
optics in the space.

To illu strate the idea without loss of generality, cons ider vertical laser beam
propagation. The full analysis based on using the detailed model taking into accoun t all
important physical effects having impact on  beam propagation will be presented else-
where, but here we focus only on the key physical eff ects that are relevant to illustration
of the proposed concept. The key f eatures of the beam evolution (diffraction and Kerr
nonlinearity) can be described using the standard paraxial approximation for the envelope
of the electric field - the Nonlinear Schrodinger equation (NLSE):
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Here z is the direction of propagation, with z =0 the sea level, and the propagation from
the orbit to the ground. The initial condition for this Cauchy problem, beam profile and
phase waveform at the height of the orbit, z=F is assumed to be,
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Here D =2R, isth e mirror diameter, C, =k,R; /F ,and F is the focal distan ce or
height of the orbit. In th e limit of strong pre-focusing ( C, >>1), when the focal spot is

much smaller then the focusing mirror the beam has a Gaussian non-focused shape on the
ground with the radius
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Typically, when the R ayleigh length is com parable to or longer than the atm osphere
height, the beam  size entering atm  osphere R, is close to it footprint on the

ground R, = Rgmund . Expression (2) relates the fo cusing mirror size la ser wavelength,

laser footprint on the ground R, and the orbit height F . It is see n from Eq. (2) tha t

the beam spot size at the ground is inversel y proportional to the orbital m irror diameter
imposing some requirements on the orbital mirror size. Evidently, technical design issues
depend on many factors and it is likely that different solutions can be proposed. Here we
would like to stress an additional degree of freedom that appears when considerin g



nonlinear effects during beam propagation from the orbit to ground in the atm osphere.
Namely, under certain conditions a nonlinear lens effect provided by the self-focusing

might reduce the beam footprint on the ground allowing for a larger initial size of a beam
entering atmosphere R,m» and conse quently sm aller and lighter trans mitter m irrors

could be used on orbit. In this Letter we pr esent basic analysis of the impact of the self-
focusing on transportation of laser beam from an orbit to the ground.
It should be noted that the textbook formula (2) is va lid only when the focal spot

R.in is much smaller the mirror radius R, . In our case of long distance focusing, R,
can be comparable with R, and this must be taken into account. In the g eneral case, the

minimal beam waist is modified to be,
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and the location of minimum (waist) is shifted toward the mirror with a new focus at

o F (4)
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It is easily seen that in the linear theory (3)-(4) under conditions of maximal compression

at the ground (or in other words, assuming that the distance from a laser at the orbit down
to receiver L is equal exactly to F’), the radius of the mirror R, cannot be less than a cer-

tain minimal value given by R, > R{" = /L4, /7 . The m inimum possible mirror radius

corresponds to F =2L (and C, =1). In physical term s, this m eans that at sm all mirror

size the beam can not be focused at all, because F in this case becomes comparable with
the Rayleigh length. Note also th at a linear compression f actor of the laser beam with
sucha“  minimal-diameter orbital m  irror” is lim ited by square roo t of

2:R0 RO /2 = [LA, /(2r) .

The nonlinearity in (1) is a f unction of altitude. The nonlinear refractive index is
proportional to density. The density can be in  terpolated as exponential (isotherm al at-
mosphere) and the height scale param eterh[] 6 km . Introducing the density at sea level

P, > the corresponding nonlinear refractive index as a function of z is,

z

n,(z)=n,(0)2; p=pe "
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Here the refractive index on the ground is Nn,(0)=5.6x10""" cm® /W . Note that at larg e
distances from the ground the cont ribution the nonlinear term in (1) is negligible, but it
becomes more and more important when the beams approach sea level.

Self-focusing in hom ogeneous m edia s tarts wh en the b eam power exceeds the

critical va lue, P, =11.684; /(877 ny,n,)=0.934; /(27 n,n,). At z=h=6km,
P, =4.6GW for 0.8 um light. The high value f or this critica | pow er means that shor t

pulse lasers m ust be used for energy tran sportation schem es m aking use of the self-
focusing effect. In homogeneous media the be am experiences some compression even at

power levels below P, , above approximately P ~ 0.7 P, . Gaussian beams compress as a

whole up to a radius of [1 0.5 of the diffraction limited one. At higher powers the central
filament becomes important, forming a singularity when P approaches the critical v alue
[6]. When P is above the critical value, the beam  collapses to a si ngularity at a dis-

2
tance L, which for the unfocused beam  with radius a is given by, L ~ %. For

powers well above P

'+ » the beam breaks up in m ultiple filaments, each filament having

P~P, and collapsing independently of the other filaments. When the sample size (propa-

gation distance in the m edium) is sm aller than L, the flat to p over tim e beam can also
compress up to a size m uch smaller than the dif fraction limited spot size, how ever, the
compression scenario is very sens itive to variations of the initial parameters. In practical
terms, com pression up to 0.5 of the diffraction limited spotat P <0.7P, is possible

without strict restriction on beam parameters stability [7].
In what follows it is convenient to use as a reference the PCr at z=h.For P well

below P

. » the self-focusing length exceeds the atmosphere thickness and the propagation
is linear. When L is much smaller than h, the self-focusing of beam takes place in what is

an essentially a hom ogeneous media. For a beam diameter of [110cm and P = P_, the

cro
self-focusing length is about th e scale of the density variati on of the atmosphere. In this
case one can expect tha t the density variation will suppress the b eam filamentation and
provides the self-focusing of the beam as a whole. Below we presen t the results of nu-
merical modelling (1) supporting these arguments.

Consider energy transport from a low earth orbit in which a Gaussian beam is fo-
cused by a mirror and propagated to the ground from a height of 500 km in all modeling
below. The two key param eters we vary in our simulations are th e mirror diameter and
the beam power. It was dem onstrated in early s tudies of self-focusing that the filam enta-
tion threshold in the axi- symmetric case (formation of the ring structu res) takes p lace at
approximately the same place as filamentation within the complete model of (1). There-
fore, without loss of generality, we consider the axi-symmetric problem to prove the con-
cept. For P U P, the variation of atm ospheric refractive index starts to affect the beam

propagation below approxim ately 20 km. Our m odelling results clearly dem onstrate that

in inhomogeneous medium up to some power level the compression of the whole beam is
possible without splitting up into multiple sub beams. Figure 1 shows the intensity distri-
bution on the ground for a m irror radius R, =1m and for several beam powers. One can



observe a strong (factor of five) beam compression in comparison with linear propagation
without any indication of filamentation.
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Fig. 1. Beam intensity distribution on the ground for Ry =Im: the red line - P/P, =1.0, the
green line- P/P, =1.29, the blue line- P/P, =1.66 The black line corresponds to the linear
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tial power for different mirror radii is presented in Fig. 2. It is seen that for R, =1 m mir-
rorupto P/P, 2 the compression is not very sensi tive to power variations. The beam
experiences self-focusing with an average radial com pression of 13.95 from10.6cm to
0.76 cm at P/P, =2. Further power increases result in a beam filamentation and split-

ting near the ground. We note that the results of calculations shown here are robust, being
non-sensitive to the nu merical noise and sm all variations of initia | conditions. F or the
case of R =0.5m filam entation can be suppressed for powersupto ~ P/P, [ 12. For
R, =0.357m the radius at the ground versus be am power dependence looks sim ilar, but
the power required for compression is much higher. For R, =0.357m filamentation starts

with powers as high as P =134.6. Note thatat P/P, [] 2 the value o f a beam power at

cr

the ground m easured in units of  critical power at the ground is P/P,(0)05.5 for
R, =1 m indicating the self-focusing suppressi on by density inhom ogeneity, the central
result of this investigation. The effect is even more pronounced for R;=0.357m where

the beam power at the ground measured in units of critical power at the ground is as high

P 3659
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Fig. 2. The beam radius at the ground versus power for the mirror radius
R, =1m (red line)and R, =0.5m (green line) and R, =0.357 m,C, =1 (blue line)

Qualitatively the suppression of self-focusing in atmosphere can be understood by analy-
sis of the m odulation instability of plane wave with am plitude A. The maximum growth
rate due to modulation instab ility corresponds to the transversal perturbations with a

scale I> 1 1/k?n, A’ [8]. During beam compression in a hom ogenous medium, the inten-

sity increases and the beam size decreases in such a way that the beam size is always near
the most unstable transversal scale corresponding to the beam intensity. In the considered
inhomogeneous problem, due to effective incr ease of the nonlinear re fractive index, the
most unstable scale becom es smaller than the beam size and break s the m atching condi-
tion between the beam intensity, beam radius and the m ost unstable scale point, ie, self-
focusing development is slowed down. In ot her words, during the propagation in a ho-
mogenous medium the power of the beam becomes higher than the critical power and it
must break into filaments. However, in practical bell-shaped beams the initial level of the
most unstable short-wave perturbations is low and it takes additional distance for them to
grow up. From the view point of propagati on along the finite length m edium with an ob-
server at the output edge this effectively looks as a suppression of the filaments growth.

We note an interesting analogy betw een propagation of laser beam in the atmosphere and
in propagation in an a mplifying medium. By a pplying the substitution A — Ae*’*" the
problem under consideration that is governed by the Eq. (1) can be transfor med into the
problem of beam  evolution in a uniform am plifying m ediaw ithanef fective
gain g =1/2h. Therefore, som e features of the lig ht propagation fr om the orbit can be

modelled by experiments with a laser amplifier and one can expect the self-focusing sup-
pression when the product of the gain to self-focusing length g L is of the order of unity.
In a s imilar way the beam propagation up to s pace can b e model by the propagation
through the media with corresponding attenuation.
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An important characteristic of the received lase r beam is its spatial distribution. Fig ure 3
shows a beam structure near the ground in a logarithmic plot of the field intensity as a function
of the square of a transversal coordinate radius - so that a G aussian beam is presented here by a
descending straight line. It is seen that up to some power level a laser beam is focused preserving
its Gaussian shape. However, at higher powers the distribution acquires two distinctive scales:
the central peak and the Gaussian background, with the central core containing most of the beam
energy. Evolution of the spike inte nsity near the ground follows scaling oc 1/(z —z,), consistent

with singularity scaling in self-focusing theory. Beam compression can be controlled by suitable
arrangement of the pre-focused phase wavefor m and beam power. Figure 4 presents results of
modelling of the beam average radius evolution in the atm osphere for different mirror radii. For
larger mirror radii the size of the beam entering the atmosphere is smaller. As the self-focusing
length is approximately proportional to the square of the input beam radius, for smaller spot size
beams the self-focusing length is short and the beam might collapse before it reaches the ground.
Of course, physical singularity formation is stop ped by higher order effects not included in Eq.
(1). For the small mirrors the beam size, entering atmosphere is large and the characteristic self-
focusing length might longer than the atm ospheric propagation distance a nd so higher power is
required to com press the beam on the ground. In this case one can ob serve noticeable beam
compression without loss of beam quality

Consider now the problem of energy transportation from orbit. For a fixed orbit height F
the system design param eters are the beam power and focusing m irror diameter D . As it was
mentioned above, for the typical situations the Ra yleigh length is shorter than or com parable to
the atmospheric height and the beam entering atmosphere can be treated as a unfocused Gaussian
beam with size given by Eq. (2). No w we can re late the self-focusing length L, the orbit height
and the m irror diam eter to the inpu t beam power corresponding to the m aximal com pression
without filamentation. The condition L = h leads to the following relation:

P JF?Y
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Thus, the power is related to the mirror diameter as,

D* (PL —1)=const (6)

cr

Equation (6) presents an effec tive design rule for maximal compression without filamentation of
the transported beam. The resu Its o f the num erical modelling presented in Fig. 5 confirm that
apart from the small region corresponding to powers close to P .. Eq. (6) holds an d can be used
in estim ate of the beam/system param eters th at allow for laser power transportation without
beam splitting and f ilamentation. Two effects limit the applicab ility of the scaling relation (5).
For large mirror radii, the Raleigh length becomes comparable with atmosphere height (for R>10
cm), so the estim ates for beam param eters entering the atmosphere must be modified. For small
mirror sizes, the footprint on the ground can be comparable with mirror radius and beam parame-
ters must be modified according (3)-(4).
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Fig. 5. The dependence of D* ( P/P, - 1) on power required to start the filamentation P /P,

Space to ground power beaming system design can be simplified using a desirab le beam
compression rate. W e have derived a general scal ing relation useful for this task rela ting the
mirror diam eter to the input beam power co rresponding to the m aximal com pression without
filamentation Eq. (6). It should be stressed that for high compression regim es the focusing be-
comes very sensitive to the initial beam parameters, a situation that is not practical from an engi-
neering view point. For example, it is difficult to control pulse energy variations. Even more im-
portant is that in such high pow er regimes, scattering by atmos pheric turbulence, b eam aberra-
tions and air breakdown are likely to be much more important than in low power situations. W e
would like to stress that in this Letter we present a concept rather than a thorough examination of
all details describing powerful laser beam propagation from orbit to ground through the inhom o-
geneous te rrestrial a tmosphere. D etailed an alysis will b e presented els ewhere. The key resul t
presented here is that that th e beam footprints on the ground can be made small without running
into filamentation and nonlinear beam break-up. This expands the possibilities for power collec-
tion on the ground. As an exam ple, one can consider the concept of a power sphere [9]; an inte-
grating sphere to efficiently captures and converts the laser beam to electricity. Note also that the
proposed approach not only allows a reduction in footprint on the ground, but also helps to scale
down the required space m irror size, reducing the weight and cost to de ploy these system s in
space.

Conclusion

We have demonstrated that the self-focusing in atmosphere can substantially compress
the laser beam without beam quality degradation. The atmosphere density variation suppress the
filamentation process and makes possible the nonlinear lens-assisted delivery of the high quality
laser beam to a small spot size on the ground.
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